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Convergence and Segregation of the Multiple Rod Pathways
in Mammalian Retina
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Using a multidisciplinary approach, we demonstrate that three different pathways are responsible for the transmission of rod signals
across the mouse retina. Each pathway serves a primarily nonoverlapping range of stimulus intensities, with ganglion cells receiving
either segregated or convergent inputs. For both on-center (ON) and off-center (OFF) ganglion cells, the primary rod pathway carries
signals with the lowest threshold, whereas the secondary rod pathway is less sensitive by ~1 log unit. In addition, OFF signaling uses a
tertiary rod pathway that is ~1 log unit less sensitive than the secondary. Although some ganglion cells received rod inputs exclusively
from one of the pathways, others showed convergent inputs. Using pharmacological and genetic approaches, we defined classes of ON and
OFF ganglion cells for which the scotopic inputs derive only from the primary pathway or from both primary and secondary pathways. In
addition, we observed a class of OFF ganglion cell receiving mixed input from primary and tertiary pathways. Interestingly, OFF ganglion
cells receiving convergent inputs from all three rod pathways or from the secondary and tertiary pathways together were never observed.
Overall, our data show a complex arrangement of convergence and segregation of rod inputs to ganglion cells in the mammalian retina.
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Introduction
Together, rod and cone photoreceptors enable the retina to re-
main responsive over the 50 billion-fold change in ambient light
intensity encountered in the transition from night to day. Rods
and cones are presynaptic to different bipolar cells, thereby seg-
regating their signals into parallel streams (Boycott and Dowling,
1969; Boycott and Kolb, 1973; Ghosh et al., 2004; Pignatelli and
Strettoi, 2004). Whereas >10 morphological types of cone bipo-
lar cell exist, only a single type of rod bipolar cell has been iden-
tified (Boycott and Wissle, 1991; Euler and Wissle, 1995). Al-
though this would suggest that rod circuitry is relatively simple, it
now is believed that multiple pathways transmit rod signals
across the retina (for review, see Bloomfield and Dacheux, 2001).
In the primary rod pathway (see Fig. 1A), axon terminals of
rod bipolar cells innervate AIl amacrine cells, which, in turn,
form sign-inverting chemical synapses with off-center (OFF)
cone bipolar cells and sign-conserving electrical synapses with
on-center (ON) cone bipolar cells (Famiglietti and Kolb, 1975;
Dacheux and Raviola, 1986; Strettoi et al., 1990). Thus, opposite
polarity rod-mediated signals use cone circuitry to reach ON or
OFF ganglion cells. A second rod pathway is formed by the gap
junctions connecting rod spherules and cone pedicles (Raviola
and Gilula, 1973) (see Fig. 1 B). Here, the rod signals are trans-
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mitted directly to cones and then to ganglion cells via cone bipo-
lar cells (Nelson, 1977; Bloomfield and Miller, 1982; Dacheux
and Raviola, 1982; Schneeweis and Schnapf, 1995).

Human psychophysical studies support the idea of two rod
pathways: one carrying slow, low-threshold signals and a faster
one with lower sensitivity (Blakemore and Rushton, 1965a,b;
Connor, 1982). However, attempts to determine the targets of the
different rod pathways have produced conflicting results. Several
studies have suggested a division of labor whereby the primary
and secondary rod pathways innervate different ganglion cell
types (Miiller et al., 1988; DeVries and Baylor, 1995; Deans et al.,
2002). In contrast, Soucy et al. (1998) reported ganglion cells in
mouse with mixed rod pathway inputs. It thus remains unclear
whether the rod pathways remain segregated and/or converge
onto cells in the inner retina.

The contribution of rod—cone junctions to the secondary rod
pathway has been challenged by a study of mice genetically engi-
neered to lack cone photoreceptors (Soucy et al., 1998). In these
animals, the rod OFF responses survived blockade of the primary
rod pathway. Because the coneless mouse had no rod—cone gap
junctions, it was suggested that the secondary rod pathway is
subserved by direct chemical synapses between rods and OFF
bipolar cells (see Fig. 1C). Subsequent studies showed that rods
make chemical synapses with OFF cone bipolar cells (Hack et al.,
1999; Tsukamoto et al., 2001; Fyk-Kolodziej et al., 2003; Li et al.,
2004). It is presently unclear whether rod-driven OFF signals use
two or three distinct pathways.

Here, we show that all three rod pathways are functional but
operate under widely different stimulus intensity ranges. Inter-
estingly, we find ganglion cells for which the scotopic responses
are derived from only one of the rod pathways, yet others exhibit
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Figure 1. Multiple rod pathways in the mammalian retina. 4, In the primary rod pathway, the
rod-mediated signals are transmitted to rod bipolar cells and subsequently to All amacrine cells. All
amacrine cells then make sign-conserving electrical synapses with ON cone bipolar cell axon terminals
as well as sign-inverting chemical synapses with OFF cone bipolar cell axon terminals in the inner
plexiform layer. In tumn, the ON and OFF cone bipolar cells transmit the rod signals to ON and OFF
ganglion cells, respectively. In all panels, the asterisks indicate electrical synapses, arrowheads indi-
cate chemical synapses, and shaded areas mark the elements of the particular rod pathway. (B,
Cone bipolar cell; RB, rod bipolar cell; All, Allamacrine cell; GC, ganglion cell. B, In the secondary
rod pathway, the rod-mediated signals move directly from rod to cone photoreceptors via
interconnecting gap junctions. Then the rod signals are relayed to ON and OFF cone bipolar cells,
which carry the signals to ganglion cells in the innerretina. C, A tertiary rod pathway provides an
additional route for rod-mediated signals to reach OFF ganglion cells. In this pathway, the rod
photoreceptors make direct, sign-conserving chemical synapses with a type of OFF cone bipolar
cell, which, in turn, transmits rod signals to OFF ganglion cells. The large arrow indicates the
direct chemical contact between rods and OFF bipolar cells.
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convergent signals. Our results thus indicate an unexpected com-
plexity in the organization of scotopic signaling within the retina.

Materials and Methods

Preparation. Adult (postnatal day 42-90) wild-type and Cx36 knock-out
(KO) mice (Deans et al., 2001) were used for both tracer injections and
electrophysiological recordings. The mice were anesthetized deeply with
an intraperitoneal injection of Nembutal (0.08 gm/gm body weight).
Lidocaine hydrochloride (20 mg/ml) was applied locally to the eyelids
and surrounding tissue. A flattened retinal-scleral preparation devel-
oped for rabbit by Hu et al. (2000) was adopted and modified for the
mouse. Briefly, the eye was removed under dim red illumination and
hemisected anterior to the ora serrata. Anterior optics and the vitreous
humor were removed, and the resultant retina eyecup was placed in a
superfusion chamber. Several radial incisions were made peripherally,
allowing the eyecup to be flattened. Then the chamber was mounted in a
light-tight Faraday cage and superfused with oxygenated mammalian
Ringer’s solution, pH 7.4 (32°C) (Bloomfield and Miller, 1982).

Electrical recordings. Extracellular recordings then were obtained from
ganglion cells by using insulated tungsten microelectrodes with resis-
tances of 0.9—1.2 M) (Micro Probe, Potomac, MD). Spike trains were
recorded digitally at a sampling rate of 20 kHz with Axoscope (Axon
Instruments, Foster City, CA). For additional off-line analysis, Off-line
Sorter (Plexon, Dallas, TX) and Nex (Nex Technologies, Littleton, MA)
software were used. Intensity—-response profiles for individual cells were
generated by tabulating spike counts in 500 msec bins before, during, and
after the presentation of a 500 msec duration stimulus with intensities
varied over 6 log units. Numbers of light-evoked ON and OFF spikes of
ganglion cells were calculated by a subtraction of the background spike
activity from those evoked by the light stimulus onset and offset, respec-
tively. Averaged response data then were normalized and plotted against
the intensity of the light stimuli with Origin software (Microcal Software,
Northampton, MA). Data points were fit by the classic Michaelis—Men-
ten equation [Naka and Rushton (1966); cf. Baylor et al. (1974); Thibos
and Werblin (1978)] as follows:

R = (R JIH/(I*+a?),
where R indicates the measured response, R, indicates the maximum
response, I indicates stimulus intensity, o indicates light intensity that
produces a response of 0.5 R, ., and a is the Hill coefficient. Response
thresholds for individual cells were taken as 5% of maximal spike
frequency.

Changes in the adaptational state of the retina will result in changes in
the sensitivities of individual cells, resulting in a shift in their intensity—
response functions along the abscissa (Green et al., 1975; Dowling and
Ripps, 1977). So that the intensity—response functions of different cells in
different retinas could be compared, it was thus imperative to maintain
all cells in this study under the same adaptational conditions. We chose to
study all retinas in a well dark-adapted state. To this end, the animals
were maintained overnight in complete darkness, all surgery was per-
formed under dim red illumination, and the intact retina eyecups were
placed in total darkness for 1 hr before electrophysiological experiments.
In addition, after presentation of a series of different intensity stimuli it
was necessary to re-dark adapt retinas before the continuation of exper-
imental recordings. In preliminary experiments, we found that, after
presentation of a stimulus intensity series, even the most sensitive gan-
glion cells recovered their response thresholds after 15 min in complete
darkness. Therefore, to be absolutely sure that retinas adapted back to
their original condition, we left retinas in complete darkness for 1 hr
before subsequent recordings were made.

Light stimulation. A green (A = 468 nm) light-emitting diode delivered
uniform full-field visual stimuli on the surface of the retina. The intensity
of the square wave light stimuli was calibrated with a portable radiome-
ter/photometer (Ealing Electro-Optics, Holliston, MA) and expressed in
terms of the time-averaged rate of photoisomerizations per rod per sec-
ond (Rh* per rod/sec). Light intensities were calculated assuming an
average rod density of 437,000 rods/mm? (Jeon et al., 1998) and quan-
tum efficiency of 0.67 (Penn and Williams, 1984). The intensity of the



11184 - J. Neurosci., December 8, 2004 - 24(49):11182-11192

Number of Cells

Normalized Response

0.01

0.01

0.1 1 10 100
Stimulus Intensity (Rh*/rod/s)

0.1 1 10 100 1000 10000
Stimulus Intensity (Rh*/rod/s)

Vélgyi et al. » Multiple Rod Pathways in Mammalian Retina

light stimuli varied from 10°* to 10* Rh* per rod/sec. For generation of
intensity-response functions, the light stimuli were always presented in
order of lowest to highest intensity.

Because the light stimuli were full field, it is possible that the strength
of surround inhibition could vary under different stimulus intensities,
thereby influencing the intensity—-response data. However, there is strong
evidence that ganglion cell surrounds are minimized or abolished under
the dark-adapted conditions we used in this study (Rodieck and Stone,
1965; Maffei et al., 1971; Yoon, 1972; Cleland et al., 1973; Peichl and
Wiissle, 1983; Muller and Dacheux, 1997). In fact, we saw no evidence of
surround discharges in response to the dimmest lights and usually only
when we used the brightest photopic stimuli, nor did we detect a flatten-
ing of the right part of intensity—response curves corresponding to the
presentation of brighter lights when surrounds should be increased in
magnitude; all intensity—response curves were well fit by a single Michae-
lis—-Menten function. Together, these data suggest that surround inhibi-
tion did not affect the response data significantly under our recording
conditions.

Histology. Intracellular tracer injections of AIl amacrine cells were
made with standard borosilicate glass microelectrodes (Sutter Instru-
ment, Novato, CA). Electrodes were filled at their tips with 4% N-(2-
aminoethyl)-biotinamide hydrochloride (Neurobiotin, Vector Labora-
tories, Burlingame, CA) in 0.1 M Tris buffer, pH 7.6, and then backfilled
with 4 M potassium chloride. Neurobiotin was iontophoresed into the
neurons by using a sinusoidal (3 Hz, 0.8 nA peak-to-peak) current for 15
min. At 1 hr after the labeling of the last cell, the retina was fixed in a cold
(4°C) solution of 4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.3, overnight. Retinas then were washed in phosphate buffer and soaked
in a solution of 0.18% hydrogen peroxide in methyl alcohol for 1 hr. This
treatment completely abolished the endogenous peroxidase activity. Ret-
inas next were washed in phosphate buffer and reacted with the Elite ABC
kit (Vector Laboratories) and 1% Triton X-100 in sodium PBS (9%
saline, pH 7.6). Retinas subsequently were processed for peroxidase his-
tochemistry by using 3,3'-diaminobenzidine (DAB). Then retinas were
dehydrated and flat mounted for light microscopy.

Results

Assaying the rod pathway innervation of ganglion cells based
on intensity-response profiles

An initial aim of this study was to provide a means to identify
which rod pathway (or pathways) contributes the scotopic signals
recorded from an individual ganglion cell. In a recent study
(Deans et al., 2002), we showed that ON ganglion cells in the
dark-adapted, wild-type mouse retina could be divided into dis-
tinct groups based on their response thresholds. Figure 2C illus-
trates the frequency histogram of the response threshold of 67
ON cells in the wild-type mouse retina, clearly showing three
distinct distributions. Cells thereby were sorted by response
threshold into three groups within the upper and lower limits of
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Figure 2.  Recordings of ganglion cells in the flattened retina eyecup preparation of the
mouse. A, Digital video showing the surface of a live mouse retina eyecup preparation illumi-
nated with trans-scleral infrared light. The outlines of somata in the ganglion cell layer are
clearly visible. The tip of a tungsten extracellular electrode targets a ganglion cell soma in the
middle of the frame. Scale bar, 50 um. B, Extracellular recording of an ON ganglion cell showing
an increased spike frequency in response to the onset of the light stimulus. Bottom trace rep-
resents the onset and offset of the light stimulus (light intensity = 1 Rh* per rod/sec). (,
Frequency histogram showing the response thresholds of 67 ON ganglion cells in the wild-type
mouse retina. The cells are clustered into three distinct groups. D, Intensity—response profiles
showing the normalized responses of ON ganglion cells as a function of the light intensity
(adopted from Deans etal., 2002). ON ganglion cells formed four physiological groups based on
their threshold responses and intensity—response profiles. Three groups with restricted oper-
ating ranges were identified as high- (squares; n = 22), intermediate- (circles; n = 27), and
low- (triangles; n = 15) sensitivity cells. The symbols along the abscissa indicate the value of
threshold responses (5% of maximum) for each group. Each data point shows the average and
SE of multiple cells.
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each distribution. These three groups showed restricted operat-
ing ranges for which the averaged intensity—response profiles
could be fit with single Michaelis—Menten functions (Fig. 2 D).
Ganglion cells with the highest threshold were termed “low sen-
sitivity” (n = 15) and showed responses to light intensities above
30 Rh* per rod/sec, which corresponded to the threshold of cone
photoreceptors. Thus low-sensitivity ON ganglion cells showed
pure cone-driven responses. In contrast, the other two ON gan-
glion cell groups, termed “high sensitivity” (n = 22) and “inter-
mediate sensitivity” (n = 27), responded within the scotopic in-
tensity range, with the former displaying thresholds ~1 log unit
more sensitive.

The two distinct physiological classes of scotopic ON cell re-
sponses could reflect differential input by the primary and sec-
ondary rod pathways. If so, it follows that the two rod pathways
carry signals with different thresholds and operating ranges, and
so the intensity—response profile of a ganglion cell could be used
to identify the rod pathway providing input. So that we could test
this hypothesis, our experimental strategy was to disrupt selec-
tively one of the rod pathways and assess the effects on the differ-
ent ganglion cell groups. Extracellular recordings were made in a
newly designed in vitro preparation of the mouse retina eyecup in
which ganglion cells were visualized by using trans-scleral illumi-
nation with infrared light. In this way, the retinas could be main-
tained in a dark-adapted state even while visualized cells were
targeted and recorded with tungsten electrodes (Fig. 2 A, B).

To suppress the primary rod pathway, we exposed wild-type
mouse retinas to the nitric oxide donor, S-nitroso-N-acetylpeni-
cillamine (SNAP), which blocks the gap junctions coupling AIl am-
acrine cells to ON cone bipolar cells in the rabbit (Mills and Massey,
1995). The application of SNAP thus selectively should block signals
carried by the primary rod pathway to ON ganglion cells. To assess
directly the effects of SNAP on AlI cell- cone bipolar cell coupling in
mouse retina, we injected AIl amacrine cells with the low-molecular-
weight tracer Neurobiotin, which can permeate both AII-AII cell
and AII-ON cone bipolar cell gap junctions (Vaney, 1994; Mills and
Massey, 1995; Bloomfield et al., 1997; Deans et al., 2002). In control
mouse retinas, the injection of Neurobiotin into a single AIl ama-
crine cell resulted in an array of tracer-coupled AlI cell bodies in the
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Figure 3.  Pharmacological blockage of the primary rod pathway with SNAP disrupts re-
sponses of high-sensitivity ON cells. A, B, Flat-mount photomicrographs showing tracer cou-
pling after intracellular injection of Neurobiotin into a single All amacrine cell in the wild-type
mouse retina. Plane of focus is on the proximal INL (level of All cell somata; A, B, top panels) or
distal INL (level of cone bipolar cell somata; A, B, bottom panels). Under control conditions, the
tracer has permeated gap junctions to label neighboring All cells (A, top panel) as well as ON
conebipolar cells (A, bottom panel). However, incubation in 100 um SNAP for 1 hreliminated all
tracer coupling to cone bipolar cells (B, bottom panel) but did not disturb the coupling between
neighboring All amacrine cells (B, top panel). These data confirm that SNAP selectively disrupts
All-cone bipolar cell gap junctions. C, Extracellular recordings from a high-sensitivity ON gan-
glion cell showing that responses to dim light (top trace) stimuli are abolished by the applica-
tion of 100 wum SNAP (middle trace). However, the cell still could be activated with relatively
bright stimuli (bottom trace). D, Extracellular recordings from an intermediate sensitivity ON
ganglion cell showing no light-evoked response to very dim light (top trace) but responses to
brighter scotopic light (middle trace). Light-evoked responses of this cell are not affected by the
application of 100 rm SNAP (bottom trace). £, Comparison of the normalized intensity—re-
sponse profiles and thresholds of ON ganglion cells in control conditions (gray curves and sym-
bols) and those after the application of 100 um SNAP (dark curves and symbols). Conventions
are the same as in Figure 2C. The application of SNAP eliminated the curve for high sensitivity
cellsbut had no effect on those of intermediate- or low-sensitivity cells. Surviving curves include
those for high-sensitivity cells that were shifted rightward after the application of SNAP. Cells
were sorted after SNAP application by using the same threshold criteria defined in control
retinas (Fig. 20).
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proximal edge of the inner nuclear layer (INL) as well as a more distal
network of cone bipolar cell bodies (Fig. 3A). However, preincuba-
tion of the retina with 100 uM SNAP for 1 hr prevented tracer move-
ment into the cone bipolar cells without affecting movement be-
tween neighboring All cells (Fig. 3B). These data illustrate that SNAP
selectively uncouples AlI cells from cone bipolar cells in mouse ret-
ina, thereby effectively disrupting the primary rod pathway to ON
ganglion cells.

Application of 100 uM SNAP had differential effects on high-
and intermediate-sensitivity ON ganglion cells. After SNAP
treatment high-sensitivity ON ganglion cells no longer re-
sponded to threshold intensity light stimuli (0.05-0.1 Rh* per
rod/sec) but remained responsive to brighter lights (Fig. 3C). In
contrast, SNAP had no significant effect on the responses of
intermediate- or low-sensitivity ON cells (Fig. 3D). These data
indicate that high-sensitivity ON cells in the dark-adapted retina
receive rod input through the primary rod pathway, whereas in-
termediate ON cells receive scotopic signals through the second-
ary pathway, which is not affected by SNAP. In addition, these
results indicate that cone circuitry, reflected by the activity of low
sensitivity ON cells, was functioning normally during exposure
to SNAP. Figure 3E compares the intensity—response function of
ON cells found in control retinas with those of 21 ON cells in
other retinas exposed to SNAP. The curve corresponding to the
averaged intensity-response function for high-sensitivity cells is
not seen in the retinas exposed to SNAP, whereas those corre-
sponding to intermediate- and low-sensitivity cells are still
present. As detailed below, SNAP produced a shift in the inten-
sity—response curves of high-sensitivity cells, and so the surviving
curves in Figure 3E reflect not only unaffected intermediate- and
low-sensitivity cells but the shifted curves of high-sensitivity cells
as well.

Convergence/segregation of the rod pathways to ON

ganglion cells

Our results support the aforementioned hypothesis that the
scotopic threshold and intensity—response function of a dark-
adapted ganglion cell together form a reliable indicator of the rod
pathways providing its input. Our data reveal an apparent segre-
gation of the rod pathways whereby the primary pathway inner-
vates high sensitivity ON cells and the secondary pathway inner-
vates intermediate sensitivity cells. However, as previously
mentioned, SNAP does not eliminate responses from high-
sensitivity ganglion cells; it shifts their thresholds and intensity—
response functions in a manner suggesting both segregation and
convergence of the rod pathways.

Approximately 40% of the high sensitivity cells (5 of 12) dis-
played a rightward shift of their intensity—response functions to a
position corresponding to that of the cone-driven, low-sensitivity
cells under control conditions (Fig. 4B), indicating that these
cells receive scotopic input exclusively from the primary rod
pathway. In contrast, the remaining high-sensitivity cells (7 of 12)
displayed a rightward shift that coincided closely with those of the
dark-adapted intermediate-sensitivity cells under control condi-
tions (Fig. 4A). These cells thus appeared to have mixed input
from both the primary and secondary rod pathways. Together,
these data indicate three distinct patterns of rod input to ON
ganglion cells: (1) high-sensitivity cells with input exclusively
from the primary rod pathway, (2) intermediate cells with rod
input exclusively from the secondary rod pathway, and (3) cells
with mixed rod pathway inputs. It is important to note that the
different types of ganglion cell often were recorded side by side in
the same retinas under identical adaptational conditions.
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Figure4. Convergence/segregation of the rod pathways to ON ganglion cells. A, Intensity—

response profile of a high sensitivity ON ganglion cell (dark curve) shifted rightward after 100
um SNAP application (gray curve). The threshold line (horizontal dashed line parallel to the
abscissa) indicates 5% of maximum response. Vertical dashed lines mark thresholds of the cell
in control conditions as well as during SNAP application. Arrow between the vertical dashed
lines indicates the extent of the rightward shift of thresholds and intensity—response curves
during drug application. This high sensitivity cell showed a small shift (from 0.04 to 0.5 Rh* per
rod/sec) of the threshold response during SNAP application. The shifted curve corresponds to
those of intermediate sensitivity cells in control conditions, suggesting that this cell received
rod-mediated inputs through both primary and secondary rod pathways. The same effect of
SNAP was detected in other ganglion cell recordings as well (n = 7). B, High-sensitivity cell
showing a big shift of threshold responses (from 0.05 to 60 Rh* per rod/sec) after the applica-
tion of 100 um SNAP. The shifted curve corresponds to those of photopic ganglion cellsin control
conditions, suggesting that this ON center ganglion cell received segregated rod input through
the primary rod pathway. Conventions are the same as in A. The same effect of SNAP was
detected in other ganglion cell recordings as well (n = 5).

Intensity—response profiles of OFF ganglion cells

We extended our analysis to determine the rod pathways inner-
vating OFF ganglion cells. OFF cells displayed a wide range of
physiological activities in terms of transient/sustained compo-
nents, response thresholds, and spontaneous/light-evoked spike
frequencies. Responses of two OFF ganglion cells in the wild-type
mouse retina to varying stimulus intensities are illustrated in
Figure 5A. Both OFF cells show a characteristic reduced spike
activity during stimulus presentation and an increased activity at
light offset, although they differ in the duration of these response
components. However, the cells show a large difference in sensi-
tivity wherein the cell responses at the left display a threshold
>10-fold higher than those at the right (0.2 vs 8.3 Rh* per
rod/sec).

The frequency histogram of the response thresholds of 76 OFF
ganglion cells in control retinas showed four distinct distribu-
tions (Fig. 5B). Cells then were divided into four groups based on
the distribution in which their threshold response fell. The aver-
aged, normalized intensity-response profiles for cells in each
group were fit with Michaelis—Menten functions (Fig. 5C). The
group with the highest sensitivity (n = 16) showed a response
threshold of 0.04 Rh* per rod/sec, with the remaining three
groups (n = 14, 39, and 4, respectively) showing a sequential rise
in threshold in ~1 log unit increments.

A comparison of the intensity—response profiles for the OFF
ganglion cells with those for ON cells (Fig. 2C) reveals remarkable
similarities. Both ON and OFF ganglion cells can be placed into
high-, intermediate-, and low-sensitivity categories with corre-
sponding intensity—response profiles and thresholds. The clear
difference is that a subset of OFF ganglion cells forms a unique
fourth group; we will refer to this group as low-intermediate-
sensitivity cells. Because the threshold for cone activation is ~30
Rh* per rod/sec (Deans et al., 2002), it is clear that low-sensitivity
ON and OFF ganglion cells express only cone-mediated re-
sponses. Moreover, our data indicate that, whereas there are two
distinct physiological groups of ON ganglion cells responding
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within the scotopic intensity range, there are three distinct groups
of OFF cells.

It should be noted that we also found a group of OFF ganglion
cells with broad operating ranges extending over 6 log units of
stimulus intensity; these cells are similar to a class of ON cells
reported in our previous study (Deans et al., 2002). However,
ganglion cells with broad operating ranges were encountered
only rarely and have been excluded from our present analyses.

Identification of the rod pathways subserving the different
OFF ganglion cell groups

Disruption of the primary rod pathway with
L-2-amino-4-phosphonobutyrate

As in the case of the ON pathways, the distinct classes of OFF
responses might reflect the presence of three distinct OFF rod
signaling pathways (Fig. 1). To examine this possibility, we selec-
tively disrupted one or more of the rod pathways and assessed the
effects on OFF ganglion cell responses.

First we used the glutamate analog L-2-amino-4-phospho-
nobut-yrate (L-AP-4), which selectively activates mGluR6 recep-
tors on rod bipolar cells as well as on-center cone bipolar cells,
thereby blocking visual signals carried by the primary rod path-
way (Slaughter and Miller, 1981; Massey et al., 1983; Bloomfield
and Dowling, 1985a,b; Nakajima et al., 1993). The application of
50 uM L-AP-4 produced a reversible blockade of the light-evoked
responses of high-sensitivity OFF ganglion cells (Fig. 6A). How-
ever, high-sensitivity OFF cells still could be activated with
brighter stimulus intensities that normally produced saturating
responses. In contrast, L-AP-4 had no significant effects on the
responses of the other physiological groups of OFF cells. Figure
6B illustrates the lack of L-AP-4 effect on the response of an
intermediate-sensitivity OFF ganglion cell.

Figure 6C compares the intensity—response profiles of all cat-
egories of OFF cells in control retinas with those of 29 cells in
other retinas exposed to L-AP-4. Clearly, the curve corresponding
to high-sensitivity cells is not seen in retinas to which L-AP-4 is
applied, but there are no significant changes in the profiles of the
other three cell groups. These data indicate that, under dark-
adapted conditions, high-sensitivity OFF ganglion cells, like their
ON cell counterparts, receive rod signals mainly through the pri-
mary rod pathway.

It should noted that we also used strychnine in an attempt to
disrupt the primary rod pathway to OFF cells by blocking the
glycinergic synapse between AIl amacrine cells and OFF cone
bipolar cells. Unfortunately, strychnine invariably caused a large
increase in spontaneous discharges so that it was no longer pos-
sible to differentiate light-evoked from background firing.

<«

Figure 5.  Multiple rod pathways deliver signals to OFF ganglion cells. A, B, Extracellular
recordings of an intermediate-sensitivity (A) and low-intermediate- (B) sensitivity OFF gan-
glion cell in the wild-type mouse retina. Responses to stimuli of increasing intensity are shown
aswe move down each panel. The valuesin the middle of the panelsindicate the intensity of the
full-field light stimuli. Traces at the bottom indicate onset and offset of the light stimuli. C,
Frequency histogram showing the response thresholds of 76 OFF ganglion cells in the wild-type
mouse retina. The cells are clustered into four distinct groups. D, Averaged and normalized
intensity—response profiles of the four groups of OFF ganglion cells in the wild-type mouse
retina. Conventions are the same as in Figure 2C. The four physiological groups of OFF ganglion
cells are identified as high- (squares; n = 16), intermediate- (circles; n = 14), low-
intermediate- (diamonds; n = 39), and low- (triangles; n = 4) sensitivity cells. Symbols along
the abscissa represent the values of threshold responses for each physiological population of
OFF ganglion cell. Error bars represent SE.
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Disruption of the secondary rod pathway A
in the Cx36 KO mouse

There are no known pharmacological
treatments that specifically disrupt the
secondary rod pathway. Therefore, we
used a genetic approach to eliminate
Cx36, a gap junction channel-forming
protein that likely contributes to rod-
cone electrical coupling (Deans et al.,
2002). Cx36 is expressed by AIl amacrine
cells, a subset of ON and OFF bipolar cells,
and cone photoreceptors (Deans et al.,
2002; Lee et al., 2003; Feigenspan et al.,
2004; Zhang and Wu, 2004). In Cx36 KO
retinas, coupling between AIl amacrine
cells and between AII amacrine and cone
ON bipolar cellsislost (Deans et al., 2002).
Although rod—cone coupling was not
tested directly, all rod ON signaling was
eliminated in the Cx36 KO, suggesting
that rod—cone gap junctions were dis-
rupted as well. Together, these data sug-
gest that Cx36 is a critical component of
the primary and secondary pathways to
ON cells and the secondary rod pathway
to OFF cells.

To study further the rod pathways in-
nervating OFF ganglion cells, we gener-
ated intensity—response profiles of OFF
cells in the Cx36 KO mouse retina. Similar
to the results with L-AP-4 in the wild-type mouse retina, we found
that the intensity-response curve corresponding to high-
sensitivity cells was abolished, whereas the remaining three
curves appeared to be unaffected in the knock-out animal (Fig.
7A). These results were surprising for two reasons. First, because
the primary pathway to OFF cells should not be disrupted in the
KO, we expected that high-sensitivity cells would survive. Sec-
ond, the survival of the intermediate-sensitivity OFF cell profile is
in apparent conflict with our earlier finding showing that the
profile for intermediate-sensitivity ON cells is lost in the Cx36
KO mouse (Deans et al., 2002). If loss of intermediate-sensitivity
ON responses reflects the disruption of the secondary rod path-
way by elimination of rod—cone gap junctions, then the re-
sponses of both ON and OFF intermediate-sensitivity cells
should be lost in the Cx36 KO. We attempted to resolve these
apparent conflicts by using a pharmacological test. If the surviv-
ing OFF cells showing apparent intermediate sensitivity in the
KO mouse were innervated by the secondary rod pathway, then
they should not be affected by L-AP-4, which we showed above
affects only the primary rod pathway and high-sensitivity cells.
However, the application of L-AP-4 reversibly blocked the re-
sponses of the apparent intermediate-sensitivity OFF cells in the
Cx36 KO (Fig. 7B). Figure 7C compares the normalized intensi-
ty—response profiles of 17 cells after exposure to L-AP-4 with
those found under control conditions in the Cx36 KO mouse
retina. Clearly, responses corresponding to intermediate-
sensitivity cells are eliminated by drug treatment, whereas low-
intermediate- and low-sensitivity responses persist. These obser-
vations suggest that the apparent intermediate-sensitivity OFF
cells receive input from the primary rod pathway. The most par-
simonious explanation is that these cells correspond to high-
sensitivity cells in control retinas but with reduced sensitivity,
possibly because of the loss of AII-AII coupling in the Cx36 KO
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Pharmacological blockade of the primary rod pathway with L-AP-4 disrupts responses of high-sensitivity OFF cells. 4,
Extracellular recordings from a high-sensitivity OFF ganglion cell showing that responses to extremely dim light stimuli (top trace)
are blocked by the application of 50 um-AP-4 (second trace). This drug effect was reversible; sensitivity to the dim light stimulus
returned after a washing in control Ringer’s solution (third trace). B, Extracellular recordings of an intermediate sensitivity OFF
ganglion cell that is not sensitive to very dim lights (top trace) but to stimuli ~1 log unit brighter (second trace). The application
of 50 um L-AP-4 has no significant effect on the light-evoked response of this intermediate sensitivity cell (third trace). C,
Comparison of the normalized intensity—response profiles and thresholds of OFF ganglion cells in control conditions (gray curves
and symbols) and those after the application of 50 rum -AP-4 (dark curves and symbols). Conventions are the same as in Figure 2C.
The application of L-AP-4 eliminated the curve for high-sensitivity cells but had no effect on those of intermediate- (n = 13),
low-intermediate- (n = 10), or low- (n = 6) sensitivity cells. Surviving curves include those for high-sensitivity cells that were
shifted rightward after the application of L-AP-4. Error bars represent SE.

(Deans et al., 2002) (see Discussion). If so, then the rod-mediated
responses of intermediate cells are eliminated in the Cx36 KO
mouse as predicted.

The response of low-intermediate-sensitivity OFF cells both is
insensitive to L-AP-4 application and survives in the Cx36 KO
mouse retina, suggesting that it is not subserved by either the
primary or secondary rod pathways. A reasonable hypothesis is
that these responses reflect the presence of a tertiary pathway,
possibly corresponding to synaptic interactions between rods
and cone OFF bipolar cells (Fig. 1C). Together, these data indi-
cate that, under dark-adapted conditions, (1) the scotopic re-
sponses of high-sensitivity OFF cells are transmitted mainly by
the primary rod pathway; (2) the responses of intermediate cells
are derived from the secondary rod pathway; and (3) the re-
sponses of low-intermediate cells are carried by the tertiary
pathway.

Convergence/segregation of the signals carried by the rod
pathways to OFF ganglion cells

OFF ganglion cells in wild-type retinas displayed characteristic
patterns of segregated and convergent inputs. L-AP-4 abolished
the responses of high-sensitivity cells to normal stimulus inten-
sities, but they still could be activated with brighter lights. Ap-
proximately 41% (9 of 22) of the high-sensitivity OFF cells
showed a rightward shift of the intensity—response function after
L-AP-4 application to a position corresponding to that of the
intermediate cells (Fig. 8 A). An equal number of high-sensitivity
cells showed a drug-induced shift to the profile of low-
intermediate cells (9 of 22) (Fig. 8B). The remaining high-
sensitivity cells (4 of 22) showed a shift after L-AP-4 application to
a position coinciding with the intensity—response profile of the
cone-driven responses (Fig. 8C). Together, these data suggest at
least three patterns of rod input to OFF ganglion cells: (1) cells
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Figure7. Intensity—response profiles of 34 OFF ganglion cells in the Cx36 knock-out mouse
retina. A, Comparison of the normalized intensity—response profiles and thresholds of OFF
ganglion cells in wild-type (gray curves and symbols) and (x36 knock-out mouse (dark curves
and symbols) retinas. Conventions are the same as in Figure 2C. The curve for high-sensitivity
cells is missing in the (x36 knock-out retina, whereas the curves for the other three groups
appear to be unaffected. B, Extracellular recordings from an apparent intermediate sensitivity
OFF ganglion cell in the (x36 knock-out retina. The application of 50 um L-AP-4 reversibly
blocked the light-evoked response of this cell. These data indicate that the apparent
intermediate-sensitivity cell isinnervated mainly by the primary rod pathway. ¢, Comparison of
the normalized intensity—response profiles and thresholds of OFF ganglion cells in the (x36
knock-out mouse retina under control conditions (gray curves and symbols) and after the ap-
plication of 50 umL-AP-4 (dark curves and symbols). Conventions are the same as in Figure 2C.
The application of L-AP-4 eliminated the curve for the apparent intermediate-sensitivity cells
but has no effect on those of low-intermediate- (n = 6) or low- (n = 11) sensitivity cells. Error
barsin A and Crepresent SE.

with convergent rod signals from primary and secondary rod
pathways, (2) cells with convergent rod signals from primary and
tertiary rod pathways, and (3) cells with input exclusively from
the primary rod pathway.

It remains unclear from these data whether a single OFF gan-
glion cell can receive input from all three rod pathways. However,
we can examine this question indirectly by comparing the shifts
of the intensity—response functions of high-sensitivity cells in the
wild-type and Cx36 KO mouse retinas exposed to L-AP-4. Under
these conditions, the primary rod pathway is blocked in the wild-
type mouse retina, whereas both the primary and secondary
pathways are blocked in the KO. Therefore, cells with input from
all three pathways should be revealed by a greater number of
curves that shift to the low-intermediate cell position in the KO
retina than in the wild type. However, we found a large increase in
the rightward shift of curves to a position corresponding to that
of the cone-driven low-sensitivity cells (8 of 11), with only a few
(3 of 11) shifting to the position of low-intermediate cells (Fig. 9).
This relatively large number of cells that display an intensity—
response shift to the low-sensitivity position in the r-AP-4-
exposed KO retinas (Fig. 9C) likely reflects a combination of cells
with solely primary and mixed primary and secondary rod path-
way inputs, both of which shift to photopic levels because of the
disruption of both pathways. Thus, these results argue against
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convergence of all three rod pathways to individual OFF ganglion
cells.

Discussion

Multiple rod pathways display different sensitivities
Converging evidence suggests that multiple circuits underlie the
propagation of rod signals across the mammalian retina (for re-
view, see Bloomfield and Dacheux, 2001). Applying a previous
strategy (Deans et al., 2002), we used the thresholds and intensi-
ty—response profiles of ganglion cells to identify the pathway (or
pathways) from which their rod signals were derived. Based on
these profiles, ganglion cells were divided into multiple groups
with discrete operating ranges in the dark-adapted retina: three
for ON cells and four for OFF cells. ON and OFF ganglion cells
designated as low sensitivity showed responses above cone
threshold, indicating pure cone innervation. In contrast, high-,
intermediate-, and low-intermediate-sensitivity ganglion cells
operated mainly in the scotopic intensity range. The application
of L-AP-4, which blocked transmission across the rod-to-rod bi-
polar cell synapse, eliminated high-sensitivity responses of OFF
ganglion cells. Likewise, application of the NO donor, SNAP,
which disrupted the AIl-cone bipolar cell gap junctions, abol-
ished the high-sensitivity responses of ON ganglion cells. To-
gether, these data indicate that the primary rod pathway carries
the dominant rod signals to high-sensitivity ON and OFF cells in
dark-adapted retinas.

In contrast, intermediate-sensitivity ON and OFF ganglion
cells in wild-type retinas were unaffected by SNAP or L-AP-4,
indicating that they are not innervated by the primary rod path-
way. We reported previously that responses of intermediate-
sensitivity ON cells were lost in the Cx36 KO retina (Deans et al.,
2002), and the present data indicate that intermediate-sensitivity
OFF cells are also lost (see below). Cx36 has been detected in gap
junctions interconnecting rod and cone axon terminals (Deans et
al., 2002; Lee et al., 2003; Feigenspan et al., 2004). Therefore, loss
of intermediate-sensitivity responses in the Cx36 KO likely re-
sults from the loss of rod—cone gap junctions and disruption of
the secondary rod pathway.

Opverall, these data indicate a symmetrical organization of the
primary and secondary rod pathways in the ON and OFF systems
of the retina whereby they carry the dominant rod inputs to high-
and intermediate-sensitivity cells, respectively, in dark-adapted
retinas. However, we discovered a fourth group of OFF ganglion
cells, which responded within the scotopic range but with a lower
sensitivity than high- and intermediate-sensitivity cells. These
low-intermediate-sensitivity cells had no counterparts in the ON
system but formed a sizable fraction of the OFF ganglion cells in
this study. These cells were unaffected by the application of
L-AP-4 and survived in the Cx36 KO mouse retina, indicating
that they are not innervated significantly by either the primary or
secondary rod pathways. These cells then must receive rod signals
via the remaining tertiary rod pathway. Thus three distinct path-
ways subserve the transmission of rod-mediated OFF signals
across the retina.

Our finding of ganglion cell responses over a broad range of
stimulus intensities is consistent with earlier reports of mouse
ganglion cell thresholds covering >4 log units (Balkema and
Pinto, 1982; Stone and Pinto, 1993). The division of ganglion
cells into discrete categories based on their intensity—response
profiles indicates that the three rod pathways operate over widely
different operating ranges. Although the significance of this or-
ganization to retinal processing is unclear, psychophysical data
provide hints to their distinct functional roles. Critical flicker
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fusion frequency and threshold versus in-
tensity functions of normal and rod
monochromat subjects show a disconti-
nuity that is thought to reflect two stages
of operation (for review, see Sharpe and
Stockman, 1999). These data indicate the
presence of two rod pathways that under-
lie a transfer of either slow, low-threshold
rod signals or faster ones activated at
higher light intensities. Our data support
the idea that the primary rod pathway me-
diates the slow, low-threshold signaling,
whereas the faster, high-threshold signals
come through the secondary pathway.
The reason for an additional rod circuit in
the OFF system with relatively low sensi-
tivity is unclear. However, Tsukamoto et
al. (2001) speculated that scotopic signals
carried by this pathway are generated
when the number of photoisomerizations
is relatively high, consistent with the
present findings, and dark objects moving
through the visual field are backlit. Thus
the tertiary rod pathway could be opti-
mized to detect predators during the dusk
or dawn.

AII-AII cell coupling maintains high
sensitivity of primary rod pathway
Together with our earlier results (Deans et
al., 2002), the present data show unequiv-
ocally that Cx36 contributes to obligatory
electrical synapses in the primary and sec-
ondary rod pathways for transmission of
both ON and OFF rod signals across the
retina. The function of the gap junctions
between AIl amacrine cells is less apparent
from the circuit morphology. In the Cx36
KO mouse retina, we found apparent in-
termediate sensitivity OFF cells. However,
the finding that L-AP-4 abolished the re-
sponses of these apparent intermediate
cells indicates that they are innervated
mainly by the primary and not the second-
ary rod pathway. Thus, the apparent inter-
mediate cells are, in fact, high-sensitivity
cells for which the intensity—response pro-
files have been shifted rightward, whereby
their response thresholds were reduced by
1 log unit.
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Figure 8.  Convergence/segregation of the rod pathways to OFF ganglion cells in the control mouse retina. 4, Intensity—

response profile of a high-sensitivity OFF ganglion cell (dark curve) shifted rightward after 50 wum L-AP-4 application (gray curve).
Conventions are the same as in Figure 4 A. This high-sensitivity cell showed a small shift (from 0.05 to 0.3 Rh* per rod/sec) of the
threshold response during L-AP-4 application. The shifted curve corresponds to those of intermediate-sensitivity cells in control
conditions, suggesting that this cell received rod-mediated inputs through both primary and secondary rod pathways. The same
effect of .-AP-4 was detected in other ganglion cell recordings as well (n = 9). B, High-sensitivity cell showing a shift of threshold
responses (from 0.05 to 0.9 Rh* per rod/sec) after the application of 50 M L-AP-4. Conventions are the same asin Figure 4 A. The
shifted curve corresponds to those of low-intermediate ganglion cells in control conditions, suggesting that this OFF center
ganglion cell received convergent rod input through the primary and tertiary rod pathways. The same effect of -AP-4 was detected
inother ganglion cell recordings as well (n = 9). , High-sensitivity cell showing a big shift of threshold responses (from 0.09 to 14
Rh* perrod/sec) after the application of 50 pum L-AP-4. Conventions are the same as in Figure 4 A. The shifted curve corresponds to
those of photopic ganglion cells in control conditions, suggesting that this OFF center ganglion cell received segregated rod input
through the primary rod pathway. The same effect of .-AP-4 was detected in other ganglion cell recordings as well (n = 4).
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Figure9. Convergence/segregation of the rod pathways to OFF ganglion cells in the (x36 knock-out mouse retina. A, Intensi-
ty—response profile of an apparent intermediate sensitivity OFF ganglion cell (dark curve) shifted rightward after 50 pum L-AP-4
application (gray curve). Conventions are the same as in Figure 4 A. This cell showed a shift (from 0.5 to 5 Rh* per rod/sec) of the
threshold response during (-AP-4 application. The shifted curve corresponds to those of low-intermediate-sensitivity cells in
control conditions, suggesting that this cell received rod-mediated inputs through both primary and tertiary rod pathways. The
same effect of L-AP-4 was detected in other ganglion cell recordings as well (n = 3). B, An apparent intermediate-sensitivity cell
showing a shift of threshold responses (from 0.4 to 75 Rh* per rod/sec) after the application of 50 um-AP-4. Conventions are the
same asin Figure 4 A. The shifted curve corresponds to those of low-sensitivity ganglion cells in control conditions, suggesting that
this OFF center ganglion cell received segregated rod input through the primary rod pathway. The same effect of L-AP-4 was
detected in other ganglion cell recordings as well (n = 8). , Graph showing the frequency of rightward shifts in wild-type mice
(open bars) versus (x36 knock-out animals (filled bars) after 50 um L-AP-4 application. In the control retina, L-AP-4 induced shifts
of intensity—response profiles to intermediate and low-intermediate positions in approximately equal numbers (~40% for both),
whereas a smaller population of ganglion cells showed large shifts to photopic levels (~20%). In the (x36 knock-out retinas the
fraction of high sensitivity cells showing intensity—response shifts to the position of low-intermediate cells was comparable to that
of the control animals, whereas incidents of large shifts to photopic levels increased more than threefold.

necessary for maintenance of high-sensitivity signaling through
the primary rod pathway.

The computational study of Smith and Vardi (1995) specu-

lated that AII cell coupling serves to sum synchronous signals and
subtract asynchronous noise, thereby preserving the high fidelity
of signals carried by the primary rod pathway. Additionally, plas-
tic changes in AII cell coupling with light are thought to optimize
the summing of synchronous activity across the scotopic range
(Bloomfield et al., 1997). Therefore, the reduced sensitivity of
high-sensitivity cells in the knock-out retina likely results from
disruption of AII-AII cell coupling and the resultant reduced
signal-to-noise and fidelity of AII cells signals transmitted to OFF
ganglion cells. In essence, without this coupling, the primary and
secondary pathways show equivalent sensitivities. These findings
are thus consistent with the idea that AII-AII cell coupling is

Convergence of the multiple rod pathways

An unresolved question is whether the multiple rod pathways
converge onto single ganglion cells. In rabbit, DeVries and Baylor
(1995) reported that innervation was mostly segregated, with the
primary rod pathway supplying brisk ganglion cells and the sec-
ondary pathway innervating sluggish and on-off direction-
selective cells. In contrast, Soucy et al. (1998) reported that most
OFF ganglion cells in the mouse display both L-AP-4-sensitive
and L-AP-4-insensitive rod responses, suggesting convergent in-
puts. Our finding of ganglion cells with discrete intensity—re-
sponse profiles provides clear evidence for segregated signaling of
the rod pathways, but we routinely observed evidence for conver-
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gent inputs to single ganglion cells as well. For example, the ap-
plication of L-AP-4 or SNAP to block the primary rod pathway
caused a rightward shift of the intensity—response profiles of
high-sensitivity cells to a position matching that of either cone-
driven low-sensitivity or intermediate-sensitivity cells. The re-
sults, which occurred in approximately equal numbers, reflect
cells with rod inputs from only the primary rod pathway or mixed
primary/secondary rod pathway signals. Similarly, we found that
an OFF ganglion cell can receive rod input exclusively from the
primary, secondary, or tertiary rod pathways. However, the mix-
ing of these pathways to OFF cells also occurs. Interestingly, we
found evidence for mixed primary/secondary and primary/ter-
tiary pathway input to OFF ganglion cells, yet our data suggest
that all three pathways do not converge onto single OFF cells.

Our finding that some ganglion cells receive segregated inputs
from the rod pathways has strong implications concerning
scotopic retinal circuitry. For example, the existence of ganglion
cells without inputs from the primary rod pathway suggests that
not all subtypes of bipolar cells form electrical or chemical syn-
apses with the AIl amacrine cells. This idea is supported by ana-
tomical studies in both cat and mouse retinas showing that not all
ON or OFF bipolar cell types make synaptic contacts with AIl
cells (Cohen and Sterling, 1990; Tsukamoto et al., 2001). How-
ever, a recent study suggests that all ON bipolar cell types in rat
form electrical synapses with AII cells (Veruki and Hartveit,
2002). Likewise, the finding that not all cells receive inputs via the
secondary rod pathway suggests a selectivity in rod—cone cou-
pling whereby not all cone bipolar cells carry rod signals. How-
ever, there is currently no morphological or physiological evi-
dence for such selectivity (Raviola and Gilula, 1973; Schneeweis
and Schnapf, 1995). Another explanation for the apparent segre-
gation of inputs is suggested by the recent work of Pang and
colleagues (2003). They found that certain subtypes of @ ganglion
cells appeared to show a low scotopic sensitivity based on light-
evoked spiking. However, these cells showed subthreshold syn-
aptic responses with high sensitivity, but they were not translated
into a spike code, possibly because of inhibitory inputs. Thus, our
findings, based on spike activity suggesting segregated inputs to
ganglion cells, may indicate the predominance of the rod signal-
ing from a particular pathway and not necessarily selective syn-
aptic innervation. In any event, our results indicate that rod sig-
nals are segregated functionally or combined, dependent on
ganglion cell type. This indicates a complex organization by
which these signals are propagated not only within the retina but
also by their transmission to central visual areas.
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